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A precursor powder was obtained from drying the solutions of a mixture of dif-
ferent ratios of Cu, Zn and Sn chloride and thiourea. The Cu2ZnSnS4 (CZTS)
samples were prepared from thermal decomposition of the corresponding pre-
cursors in vacuum, and were then characterized using scanning emission mi-
croscopy, energy dispersive x-ray analysis, x-ray powder diffraction and Raman
scattering. According to x-ray diffraction analysis, all the synthesized samples
had a tetragonal structure of space group I42m. The electrical properties of the
CZTS samples were investigated in the temperature range of 10–325 K. The
charge carrier concentration was measured to be about p = 1 9 1016 cm3. A
crossover from a nearest-neighbor hopping conduction mechanism at high tem-
peratures (T> 150 K) to a Mott variable-range hopping conduction mechanism
at low temperatures (T< 150 K) was observed. The activation energies of the
CZTS samples were calculated for the low and high ranges of temperature. A thin
film on quartz substrates was obtained using magnetron sputtering, for which a
band gap of Eg = 1.3 eV was determined from transmittance measurements.
Key words: Chalcogenides, photovoltaic cells, high-absorption
semiconductor, hopping conduction
INTRODUCTION
Our planet receives 10,000 times more solar energy
than the total global energy consumption.1,2 Increas-
ing solar energy processing is a very real problem.
Reducing the cost of electricity generation is associ-
ated with the development of silicon technologies.
Despite the great success and the positive dynamics
of the development, the currently used materials and
technologies have a number of drawbacks and limi-
tations, which prevent the wide expansion of produc-
tion. When using a photovoltaic cell layer of
CuIn1xGax(S,Se)2 (CIGS) and CdTe as a light-ab-
sorbing material, several points should be considered:
Cd is a toxic metal, and Te, In and Ga are expensive
due to their rarity (the earth’s crust consists of
3 9 105% Cd, 103% Ga, 105% In, 8 9 105% Se
and 106% Te by weight). Consequently, the expan-
sion of solar cell production based on these materials
may be hopeless in terms of economics and ecology.
To achieve a low-cost and environmentally friendly
production of solar cells, some researchers have
suggested using new materials not containing rare
earth elements and toxic metals. It seems to be
appropriate for environmental cleanliness and eco-
nomic feasibility reasons to pay special attention to
the substance Cu2ZnSnS4 (CZTS).
3–7
CZTS is a promising material for applying in
absorber layers of thin-film solar cells. Thin CZTS
films have a suitable band gap of 1.4–1.5 eV and a
high optical absorption coefficient of 104 cm1.
According to the Shockley–Queisser detailed balance
limit and Standard Tables for References Solar
Spectral ASTM G173 AM1.5GT at a temperature of
298 K, the maximum achievable efficiency of a solar
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cell using a p–n junction was g = 32.2%3 and 32.4%4
for single-junction devices. These results can be
considered promising, because the theoretical limit
of efficiency of single-junction solar cells, also known
as the limit of Shockley–Queisser, is g = 34%.8,9
The kesterite (space group I4) and stannite (space
group I42m) are basic structures of CZTS (Fig. 1).
The kesterite structure differs from the stannite in
the location of the Cu and Zn cations that are more
disordered, which leads to a lower symmetry of the
structure. It has been found that the kesterite
structure has the lowest energy. However, the differ-
ence in ground state energy between these structures
is insignificant (2–3 meV/atom).10 The calculated
band diagrams for kesterite and stannite structures
of CZTS show that the material has a direct energy
band gap,11 which reaches 1.487 eV for the kesterite
structure and 1.295 eV for the stannite structure.12
These values are close to optimal for the conversion of
solar energy (from 1.0 eV to 1.5 eV).13 Recently,
experimental prototypes of photovoltaic structures
based on CZTS with a record value of solar energy
conversion efficiency of 9.2% were constructed.14
Although CZTS compounds have received increas-
ing interest since the late 2000s for applications in
solar cells, only a relatively few studies have reported
the characteristics of CZTS with the stannite struc-
ture. Therefore, in this work, we synthesized differ-
ent CZTS samples with the stannite structure and
obtained thin films using magnetron sputtering. The
structure, phase composition, optical properties and
electrical conduction mechanisms of stannite CZTS
were investigated.
EXPERIMENTAL DETAILS
Synthesis of Bulk and Thin Films of CZTS
There are various methods to synthesize
monocrystalline CZTS, such as precipitation from
solution, electro-precipitation, impulse laser precip-
itation and microwave-assisted precipitation. Thin
film of CZTS can be obtained from spray pyrolysis,
magnetron sputtering or different modifications of
chemical vapor deposition (CVD).15 In this paper,
the synthesis of bulk CSTZ was carried out using
the method of pyrolytic decomposition of a stoichio-
metric mixture of chlorides and thiourea. Thin films
of CZTS were obtained using the magnetron sput-
tering method.
The technology of the synthesis of the material is
as follows: dissolving CuCl2Æ2H2O, ZnCl2,
SnCl2Æ2H2O and thiourea SC(NH2)2 in a 50% aque-
ous ethanol solution, then using an ultrasonic bath
to obtain a homogeneous solution. CZTS precursors
were obtained by drying the solution at 70–80C for
48 h. In order to achieve a greater dispersion, the
dry powders were pulverized in a mortar. In the
next step, the powders were annealed in a vacuum
oven at 450C for half an hour with constant
removing of the pyrolytic decomposition byproducts.
Three CZTS samples were obtained with the fol-
lowing atomic ratios of metals in the precursors:
[Zn]/[Sn] = 1.25 and [Cu]/([Zn] + [Sn]) = 1; 0.9 and
1.1. The samples were designated as CZTS 1, CZTS
2 and CZTS 3, respectively.
The synthesized powders of CZTS 2 were used as
the target for magnetron sputtering in producing
thin films. Sample CZTS 2 was chosen because its
metal atomic ratios are close to the optimal compo-
sition of solar cells.16 The powder was mixed with
alcohol in a copper cuvette, then dried in an oven at
80C for 30 min. A sufficiently homogeneous and
compact target was obtained.
The formation of a CZTS thin film can be divided
into two stages. In the first stage, a thin film was
deposited on quartz substrates using magnetron
sputtering in an argon atmosphere at a pressure of
3.8 9 103 mbar for 20 min, with an average cur-
rent of 10 A and a power of 100 W. The distance
between the target and the substrate was 80 mm.
The temperature of the substrate was kept at
350C. In the second stage, the film was sulfurized
in a tubular furnace in an atmosphere of N2 and
sulfur vapor at 400C for 30 min to compensate for
the loss of sulfur during the annealing process.
Characterization Techniques
The chemical composition of the obtained materi-
als was studied using scanning electron microscopy
(SEM). The phase composition and crystal structure
of the CZTS samples were studied by x-ray diffrac-
tion (XRD) and Raman spectroscopy. XRD analysis
of bulk samples was carried out on a Rigaku IV
diffractometer equipped with a D/teX Ultra detector
in the range of 10–100, at a speed of 2/min,
kCuKa = 1.54056 A˚, without a monochromator, in
Bragg–Brentano (h  2h) geometry. Raman spectra
were studied using an XploRA ONE spectrometer
with the wavelength of the solid excitation laser
Fig. 1. The conventional tetragonal unit cells of kesterite (space
group I4 and stannite (space group I42m).
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k = 785 nm. A study of the excitation and emission
spectra of polycrystalline CZTS was also carried out.
The band gap energy of the CZTS films was
determined from transmittance measurements
using an SF-2000 spectrophotometer in the range
from 190 nm to 1000 nm.
Studies on the temperature dependence of the
resistivity q (T) were carried out using the four-
point probe method. Samples obtained by the
above-mentioned techniques, pressing, grinding,
cutting and polishing were given a rectangular
shape with dimensions: 3.5 9 9.8 9 3.5 mm3
(CZTS 1); 3.2 9 9.9 9 2.8 mm3 (CZTS 2); 2.9 9
8.0 9 2.7 mm3 (CZTS 3). Measurements were car-
ried out at temperatures ranging from 10 to 325 K
with a step of 2 K. The contacts were created using
silver paste. The experiment was carried out using
a unit consisting of a Janis CCS-350C helium
cryostat and a Lakeshore 331 temperature con-
troller with an accuracy of within 1 K. The values
of the resistivity were recorded in the automatic
mode of the program LabVIEW 7.0. The measure-
ment of the Hall coefficient RH was performed at
room temperature in a constant magnetic field (1
T) with a constant current through the sample
(7 mA).
RESULTS AND DISCUSSION
Structural Study of the CZTS Samples
Elemental analysis of the samples by using
energy dispersive x-ray spectroscopy (EDX)
revealed that these compounds are non-stoichiomet-
ric, being sulfur-deficient due to the loss of sulfur
during the high-temperature annealing process.
XRD patterns of the compounds are shown in
Fig. 2. Experimental data of the XRD experiments
were analyzed by the Rietveld method using the
FULLPROF program.17 The diffraction data refine-
ment shows that the compounds crystallize in a
tetragonal structure with symmetry I42m. The
obtained structural parameters are given in Table I.
The ratios c/2a for all the samples CZTS 1, 2, and 3
are close to 1, indicating the small degree of
tetragonal distortion of these compounds.
Additional information about the phase composi-
tion of the samples was obtained by analyzing the
Raman spectra. Figure 3 shows the Raman spectra
for the samples CZTS 1, 2, 3 and the fitted curve of
the Raman spectra of sample CZTS 1 using Gaus-
sian functions.
The calculated vibrational modes for the Raman
spectra of the typical kesterite structure of CZTS
are 289 cm1, 339 cm1, 350 cm1 and 370 cm1
(modes of symmetry of type A).18 The Raman
spectra obtained in our experiment (Fig. 3) have
their most intense peaks located at 232 cm1,
285 cm1 and 334 cm1. These peaks are assumed
to associate with the modes of symmetry of type A1.
According to the analysis in Ref. 19, these peaks
are attributed to the tetragonal stannite-type
structure with space group I42m. It should be
noted that the Raman spectrum of the sample
CZTS 3, which contains a slightly excessive
amount of copper, differs from the other spectra
in the reduced intensity of the second peak. The
emission and excitation spectra of polycrystalline
CZTS were also studied (Fig. 4). The shift of the
fluorescence spectrum to the side of longer wave-
lengths compared to the absorption spectrum can
be explained by non-radiative relaxation processes.
As a result of these processes, part of the energy of
the absorbed photon is lost, so the emitted photon
has less energy. Figure 4 shows that the CZTS
samples 1, 2 and 3 exhibit a marked fluorescence
with a maximum at the wavelength of k = 440 nm.
This maximal fluorescence emission approximately
corresponds to the wavelength of blue light. In the
synthesis technology used in this work, the pres-
ence of certain amounts of ZnS can be allowed,
which is indicated by photoluminescence peak at
the wavelength of k = 440 nm. This obtained value
is in concordance with values found in the
literature.20
Fig. 2. Powder diffraction patterns of the samples CZTS 1, 2, 3.
Table I. Unit cell parameters and crystallite size of
the CZTS samples
Sample
Unit cell parameters
Ratio c/2aa = b (A˚) c (A˚)
CZTS 1 5.431 (2) 10.928 (6) 1.006
CZTS 2 5.432 (1) 10.903 (7) 1.004
CZTS 3 5.435 (1) 10.928 (3) 1.005
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Investigation of Electrical Conduction Mech-
anisms of CZTS Samples
The resistivity versus temperature data pre-
sented in Fig. 5 shows that the resistivity of the
samples decreases with the increase of the atomic
ratio of [Cu]/([Zn] + [Sn]). In the investigated range
of temperature, the activation nature of the con-
ductivity was observed for all CZTS samples. It is
possible to allocate two areas of conductivity, high
temperature in the range of 150–325 K and low
temperature in the range of 10–150 K.
The analysis of the temperature dependence of
the resistivity q(T) at high temperatures was per-
formed following the universal law21:
qðTÞ ¼ q0 exp
Eact
kT
 
ð1Þ
where q0 is a pre-exponential factor, Eact is the
conductivity activation energy and k is the
Boltzmann constant. In the case of band conduction
(activation of the main carriers from the level
formed by defects to the conduction zone), q0 does
not depend on temperature. In the case of hopping
conduction over the nearest neighbors, q0 ¼ AT,
where A is a proportionality constant independent
of temperature. Using Eq. 1, the conduction mech-
anism can be determined from the linearized plots
of lnðqÞ versus (1/T) and lnðq=TÞ versus (1/T).
Analysis of the low-temperature area was carried
out using a universal equation, which is often used
in the case of crystalline semiconductors in the
hopping conduction zone21:
qðTÞ ¼ ApT1=p exp T0p
T
 1=p" #
ð2Þ
where Ap is a constant pre-exponential factor, T0p is
the characteristic temperature of hopping, p = 1
corresponds to the conduction mechanism of
Fig. 3. (a) Raman spectra with peak fitting for sample CZTS 1 using Gaussian function (dashed line), (b) comparing the Raman spectra of
samples CZTS 1, 2, 3.
Fig. 4. Excitation and emission spectra of polycrystalline samples
CZTS 1, 2 and 3.
Fig. 5. Temperature dependence of the resistivity of samples CZTS
1, 2 and 3.
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hopping over nearest-neighbors (or the NNH con-
ductivity), p = 4 corresponds to the Mott variable-
range hopping (VRH) mechanism and p = 2 is
associated with the Shklovskii–Efros VRH conduc-
tion mechanism.21 Let us point out that, for p = 1,
Eq. 2 coincides with Eq. 1. Lowering the tempera-
ture is energetically advantageous for the carriers
making jumps with end points outside the closest
centers, which leads to the variable-range hopping
conduction mechanism. In this case, it is energeti-
cally more favorable for charge carriers to tunnel
beyond the neighboring states.
The type of hopping conductivity was also deter-
mined by analysis of the local activation energy Eloc.
The concept of local activation energy was first
introduced by Shklovskii and Efros in their book
The electronic properties of doped semiconductors.21
Eloc is determined from the equation:
ElocðTÞ ¼ d ln qðTÞ½ 
d kTð Þ1 ð3Þ
Then:
ln
Eloc
kT
þ 1
p
 
¼ ln 1
p
 
þ 1
p
lnT0p þ 1
p
ln
1
T
 
ð4Þ
The left hand side of Eq. 4 represents a linear
function of ln(1/T) for a single value of p. Therefore,
by putting the value of p = 1, 2, 4 and from the slope
of the linear section of the dependence ln ElockT þ 1p
 
versus ln(1/T), the type of the hopping conductivity
can be determined. Substitution of the values p = 1,
2 and 4 into Eq. 4 allows determination of the
temperature ranges, which correspond to different
types of conductivity.
Furthermore, the value of p was determined by
minimizing the percentage of deviation (PD) by the
equation:22
PD ð%Þ ¼ 1
n
Xn
i¼1
100
qðTiÞ q0ðTiÞ exp
T0
Ti
 s
qðTiÞ
  	2( )1=2
ð5Þ
where qðTiÞ are experimental values of the resistiv-
ity at temperatures Ti, and n is the number of
experimental data points. In the original method, it
can be supposed that q0ðTÞ ¼ q0 ¼ const. Then, the
values q0 and T0 can be determined from the
dependence lnðqÞ versus Ts. Construction of the
PD function at different values of s (from 0.1 to 1)
allows the determination of the value p = 1/s, which
corresponds to the type of conductivity.
We first present the analysis of the resistivity
data at high temperatures (150–325 K). If the
thermodynamic energy of the system is estimated
as kT in this temperature range, it will take values
from 13 meV to 28 meV. The activation energies
estimated from the linearization of lnðqÞ versus (1/
T) are too small compared to the thermodynamic
energy of the system. Thus, we can assert, with a
high probability, the crossover from the nearest-
neighbor hopping conduction mechanism. The cal-
culated activation energies for samples CZTS 1, 2
and 3 are 49 meV, 42 meV, and 43 meV, respec-
tively.
The hopping conductivity of the compound was
further studied through the resistivity measure-
ments at low temperatures (10–150 K). According to
existing theoretical ideas, the CZTS conduction
mechanism at low temperatures can be determined
using the method of linearization q(T) of Eq. 2. By
putting the values of p = 1, 2 and 4 sequentially into
the equation, the best linearity of the plots was
obtained with p = 4 within a much wider tempera-
ture interval (Fig. 6). This corresponds to the Mott
VRH conductivity of all the investigated samples.
The linear part of the plots of lnðq=T1=4Þ versus
T1/4 in Fig. 6 yields the values of the characteristic
temperature T04 and A4, as well as those of the
onset temperature Tv (the upper limit of the Mott
VRH conductivity regime), and the lowest temper-
ature Tm, which are listed in Table II for all three
samples.
The important parameter W0 shown in Table II,
calculated using the formula:
W0 ¼ k T3v  T04

 1=4
; ð6Þ
is associated with the width of the impurity band.
Taking the bandwidth into consideration, we can
estimate the value of the energy of the acceptor
level: W1  48 meV, W1  42 meV, and W1  41
meV for samples CZTS 1, 2 and 3. For our samples,
the ones with stannite structure, the energies of the
acceptor level appear to be about double that of the
kesterite structure of CZTS.23
Figure 7 shows the dependence of ln ElockT þ 14
 
versus ln(1/T) for all three samples.
Fig. 6. lnðq=T 1=4Þ versus T1/4 for investigated samples CZTS 1, 2,
3. Solid lines linear fit of the experimental data.
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It can be seen from Fig. 7 that the data plot of
ln ElockT þ 14
 
versus ln(1/T) can be fitted to a linear
relationship, giving p = 4. The Mott VRH conduc-
tion mechanism can be deduced from the data using
this method. In addition, such plots yield the
temperature intervals (Tv, Tm), which are close to
the corresponding characteristic parameters in
Table II.
Additionally, a correspondence of our resistivity
data to the Mott regime of the VRH conduction was
evaluated by minimizing the PD. The variation of
PD as a function of the parameters s = 1/p for all
three samples is shown in Fig. 8, in which s was
varied from 0 to 1. The best value of s is the one
which gives a minimum of the percentage deviation
of the fitted curve to experimental points qðTiÞ. It is
clear that the best fits are obtained for the value of s
around 0.25. It means that, in order to determine
the mechanism of conduction, the best fit is obtained
using p = 4 for all samples. This corresponds to the
Mott VRH conductivity.
Thus, the types of conductivity and the charac-
teristic parameters Tv, Tm, Ap, T0p, determined from
three different methods, are similar. It was found
that the behavior of the resistivity of the samples
CZTS 1, 2, and 3 in the low-temperature range
corresponds to the Mott mechanism of VRH
conductivity.
Based on the measurement of the Hall coefficient,
it was determined that the obtained semiconductor
samples had p-type conductivity. The carrier con-
centration of the samples CZTS 1, 2 and 3 is
approximately p  1016 cm3.
Optical Study of Thin Films of CZTS
The optical band gap of thin film is one of the key
factors determining the efficiently of solar cells. The
band gap was estimated based on measurements of
the transmittance T in the range of wavelengths of
k = 190–1000 nm using the SF-2000
spectrophotometer.
Near the absorption edge or in the strong absorp-
tion zone of the transmittance spectra, there exists a
relationship24:
ðahvÞ1=n ¼ Aðhv EgÞ ð7Þ
where a is the absorption coefficient, hv is the
energy of the photon, A is a constant, Eg is the
optical band gap energy and n is an index which
characterizes the optical absorption process. n can
take a value of 2 or 1/2 for indirect-allowed or direct-
allowed transitions, respectively. Since the proba-
bility of indirect transitions of photovoltaic is very
small, we can choose n as 1/2. This means that the
band gap can be estimated by extrapolating the
linear part of the spectrum ðahvÞ2 ¼ f ðhvÞ to zero.
Table II. The pre-exponential constant A4, the onset temperature Tv and the lowest temperature Tm of the
Mott VRH conductivity, the Mott VRH characteristic temperature T04 and the bandwidth parameter W0 for
samples CZTS 1, 2, 3
Sample Tv (K) Tm (K) A4 (X cm K
21/4) T04
1/4 (K1/4) W0 (meV)
CZTS 1 140 46 0.015 27.5 96
CZTS 2 180 50 0.246 19.9 84
CZTS 3 158 52 0.088 21.51 82
Fig. 7. lnðElockT þ 14Þ versus ln(1/T) for samples CZTS 1, 2, 3. Solid lines
the linear fit with a fixed slope of 1/4.
Fig. 8. The percentage deviation as a function of the parameter s for
the samples CZTS 1, 2, 3.
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On the other hand, in electromagnetic theory the
transmittance is calculated using the formula25:
T ¼ ð1  RÞ2  ead ð8Þ
where R is the reflectance and d is the thickness of
the film.
Hence, the absorption coefficient of the film is
proportional to the logarithm of the transmit-
tance:a   lnT. Thus, the band gap of a CZTS film
on a quartz substrate is determined by extrapolat-
ing the linear region of the plot ð lnTÞ2 versus the
energy of photon ðhvÞ to the horizontal axis and
taking the intersecting point.
In Fig. 9, we show the band gap estimation for a
CZTS film. The band gap was found to be
Eg = 1.3 eV. This value is in good agreement with
theoretical calculations.26 Furthermore, this energy
is in the optimum range of band gaps for a solar
cell.13 This optical property shows the prospect of
CZTS for solar cells with high efficiency.
CONCLUSIONS
This article is devoted to our studies of the
structure, phase composition, optical properties,
and electrical conduction mechanisms of the semi-
conductor Cu2ZnSnS4. The synthesis of CZTS was
performed using the method of pyrolytic decompo-
sition of a stoichiometric mixture of the metal
chlorides and thiourea. XRD patterns of the CZTS
samples show that all of them have stannite struc-
ture which was confirmed by Raman analysis. The
resistivity measurements of three CZTS samples
depending on temperature in the range of 10–325 K
were conducted. At high temperatures (T> 150 K),
the resistivity of the CZTS samples exhibits an
activated behavior obeying the nearest-neighbor
hopping conduction mechanism. The activation
energies, obtained for CZTS samples 1, 2 and 3,
were 49 meV, 42 meV, and 43 meV, respectively.
Using two different methods to study the conduc-
tivity of these samples at low temperature (below
T = 150 K), we found that their resistivity behavior
corresponds to the Mott variable-range hopping
mechanism. The value of the energy of the acceptor
level was calculated to be W1  48 meV,
W1  42 meV, and W1  41 meV for samples CZTS
1, 2 and 3, respectively. From the measurement of
the Hall coefficient, the resulting semiconductor
samples exhibit p-type conductivity. The carrier
concentration of the CZTS samples was determined
to be about p  1016 cm3. Single-phase CZTS thin
films were deposited using magnetron sputtering.
Optical measurements were carried out using a
spectrophotometer. The optical band gap of the
CZTS thin film was found to be 1.3 eV. This makes
these materials potentially important for photo-
voltaic applications.
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